The molecular structures, vibrational spectra and electronic spectra of oxozirconium porphyrin, octamethylporphyrin, porphyrazine and phthalocyanine have been studied by density functional theory and time-dependent density functional theory calculations utilizing B3LYP method and triple-ζ valence basis sets.
Introduction
Among porphyrin and phthalocyanine complexes of IV period metals the titanium complexes are most widely studied. Oxotitanum phthalocyanine (TiOPc) is a wellknown near-IR photoconductor which is applied in GaAsAl laser printers, and it was studied extensively. Its structures in crystals [1] as well as in the gas phase [2] were investigated experimentally, by X-ray crystallography and gas-phase electron diffraction, respectively. Electronic spectra, photoconductivity and optical properties of the solid state TiOPc were also intensively studied (for detailed list of references see [2, 3] ). Until recently, the information about the structure of oxotitanium porphyrins was absent. In 2006 Sakurai et al. [4] investigated a discoloration reaction of oxotitanium porphyrin (TiOP) by density functional theory calculations. According to the data of the study, [4] geometry optimization yielded a structure of C 4v symmetry for TiOP. In 2008 a study of molecular structures, vibrational spectra and electronic spectra of oxotitanium complexes of porphyrin (TiOP), octamethylporphyrin (TiO(OMP)), porphyrazine (TiOPz) and phthalocyanine (TiOPc) by density functional theory computations was carried out. [3] All four molecules were found to possess the equilibrium structures of C 4v symmetry with convex macrocycles. [3] On the other hand, information about structures of zirconium porphyrin and phthalocyanine complexes is scant. Structural studies of oxozirconium complexes are absent. X-ray crystallographic studies of other zirconium complexes with axial substituents exist, namely of chlorocis-bis(trimethylsilyl)amido (5,10,15,20-tetraphenyl-porphyrinato) zirconium(IV), [5] dichloro-octaethylporphyrinatozirconium(IV), [6] bis(tert-butoxy)octaethylporphyrinatozirco nium(IV), [6] dimethyloctaethylporphyrinatozirconium(IV), [6] (octaethylporphyrinato)trimethylsilylmethylzirconium(IV) [7] and bis(trimethylsilylmethyl)octaethylporphyrinzirconium. [8] All the complexes mentioned feature the zirconium atom displaced out of the average plane of four nitrogen atoms, a convex macrocycle and the cis-configuration of extraligands, except the (octaethylporphyrinato)trimethylsilylmethylzirconium, where only one axial substituent is present. The present study aims at extending the knowledge of Zr complexes with macrohetrocyclic ligands as well as at comparison with similar well-studied TiO coordination compounds.
Computational
The molecules of oxozirconium complexes have been studied by density functional theory (DFT) computations utilizing the B3LYP hybrid method (Becke + Slater + HF exchange and LYP + VWN5 correlation). All geometry optimization and force field calculations were performed using PC GAMESS 7.0 QC package, [9] which is partially based on the GAMESS (US) software package, [10] running under Linux operating system.
The core electron shells (1s2s2p3s3p3d) of the zirconium atom were described by a relativistic effective core potential (ECP). [11] For description of the zirconium valence shells a (8s7p6d2f1g/6s5p3d2f1g) basis set [11, 12] has been used. All other atoms (C, N, O, H) were described by triple-ζ valence basis sets (10s6p/5s3p) in case of C, N, O and (5s/3s) in case of H [13] (designated TZV in GAMESS) with addition of polarization functions [14] and ζ p = 1.0 (H) [15] ). Such level of theory has been found to yield accurate structural parameters in earlier combined (experimental and theoretical) studies of oxotitanium phthalocyanine [2] and other large macroheterocyclic molecules. [16] [17] [18] [19] [20] Singlet and triplet excited states and the electronic spectra were studied using time-dependent density functional theory (TDDFT) implemented in PC GAMESS 7.0. [9] In all four molecules the molecular orbitals formed mostly by 1s orbitals of C, N, and O atoms, namely 25 first (lowest energy) orbitals in oxozirconium porphyrin and porphyrazine, 33 in octamethylporphyrin and 41 in phthalocyanine, were excluded ("frozen") from the TDDFT calculations.
Visualization of the results has been done using the MacMolPlt software. [21] Supplementary material is available at http://dx.doi.org/10.6060/mhc2012.120257z
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Results and Discussion
According to the results of our calculations all four molecules have the equilibrium structures of C 4v symmetry, shown in Figures 1-4 . The structural parameters (bond distances, valence angles and dihedral angles significantly differ from either 0 or 180 degrees) of the molecules in question are presented in Table 1 ; data from study [3] of oxotitanium complexes are given for comparison.
The structural parameters of the macroheterocyclic ligands remained almost unchanged compared to the oxotitanium complexes, with two noticeable exceptions. In porphyrin and octamethylporphyrin oxozirconium complexes the distances between C p1 atoms in the pyrrole rings and C m (meso-atoms) are longer than the corresponding distances in similar oxotitanium complexes by 0.008 A. Porphyrazine and phthalocyanine complexes feature similar elongations of r(C p1 -N m ) distances, but to a lesser extent (0.004-0.005 Å). The other differences are in the values of α(N-C p1 -C p2 ) valence angles; they are smaller by 0.7 degrees in ZrOP and ZrO(OMP) compared to TiOP and TiO(OMP) and by 0.3-0.5 degrees in ZrOPz and ZrOPc compared to TiOPz and TiOPc. The changes of r(C p1 -C m )/r(C p1 -N m ) distances and α(N-C p1 -C p2 ) valence angles are clearly interdependent. The described changes result in a significant increase of the size of the coordination cavity. Thus, the N ... N distance (i.e. the side of the square formed by four central nitrogen atoms) increased by 0.063 Å in porphyrins, from 2.892-2.893 Å in TiOP and TiO(OMP) to 2.955-2.956 Å in ZrOP and ZrO(OMP). The change in phthalocyanine and porphyrazine complexes is slightly smaller, 0.057 Å (from 2.805 to 2.862 Å in phthalocyanine and from 2.766 to 2.823 Å in porphyrazine).
This widening of the coordination cavity is certainly caused by a larger size of the Zr 4+ ion with ionic radius of 0.72 Å, compared to 0.60 Å of Ti 4+ . The increase of the ionic radius also results in significant heightening of the ZrO 4 pyramid in comparison to TiO 4 , to 0.831 Å in oxozirconium porphyrin, 0.836 Å in octamethylporphyrin, 0.976 Å in porphyrazine and 0.933 Å in phthalocyanine complexes (the heights in oxotitanium complexes are 0.577 to 0.690 Å, [3] ). Table 1 . Structural parameters of oxozirconium and oxotitanium (data from study [3] ) complexes (P -porphyrin, OMP -octamethylporphyrin, Pz -porphyrazine, Pc -phthalocyanine) a Oxozirconium complexes Oxotitanium complexes [3] γ(C p2 -C' p2 -C ml -H ml ) 3.4 -2.0 γ(C p2 -C' p2 -C ml -H' ml ) 123.5 -122.0 γ(C p2 -C' p2 -C ml -H'' ml ) 116.6 118.0 a The labeling of atoms used throughout the text and tables is the following (see also Figures 1-4) : N -N atoms in the pyrrole rings; C m and N m -meso (methine bridge) C atoms (ZrOP, ZrO(OMP)) and meso N atoms (ZrOPz, ZrOPc), respectively; C p1 -C atoms in the pyrrole rings bonded to N; C p2 -C atoms in the pyrrole rings bonded to C p1 ; C ml -C atoms in the methyl groups (ZrO(OMP)); C b1 -C atoms in the benzene rings bonded to C p2 (ZrOPc); C b2 -C atoms in the benzene rings bonded to C b1 (ZrOPc). H atoms have the same indices as the C atoms that they are bonded.
b C m in ZrOP and ZrO(OMP), N m in ZrOPz and ZrOPc. Table 2 . Excited states of oxozirconium porphyrin and octamethylporphyrin (with excitation energies less than 4 eV for the singlet states). Data for similar oxotitanium complexes [3] are given for comparison.
Oxozirconium porphyrin Oxotitanium porphyrin [ As in the Ti species, there is clear correlation between the size of the coordination cavity and the pyramid height, the larger the cavity, the lower the pyramid. The changes of all other parameters are within 0.003 Å for distances and 0.1 degrees for angles, being probably too small for discussing them. Vibrational modes of the studied oxozirconium complexes can be classified among the symmetry species as follows: Γ = 16A 1 + 11A 2 + 13B 1 + 14B 2 + 27E (ZrOP); Γ = 14A 1 + 10A 2 + 12B 1 + 12B 2 + 24E (ZrOPz); Γ = 5 A 1 + 20 A 2 + 22B 1 + 23B 2 + 45E (ZrO(OMP)); Γ = 23A 1 + 19 A 2 + 21B 1 + 21B 2 + 42E (ZrOPc).
This labeling corresponds to the orientation of the molecules in such a way that the Zr-N bonds are located in xz and yz planes. Modes of A 1 and E symmetries are active in the infrared spectra. The calculated infrared spectra of four oxotitanium complexes are presented in Figure 5 (Tables of  numerical values of frequencies and intensities are available as Supplementary information.) In order to simulate the shape of a typical experimental spectrum the individual bands were described by Lorentz curves with a half-width of 10 cm -1 . Excited states of the four studied macroheterocyclic complexes (with the excitation energies less than 4 eV) are listed in Tables 2 and 3 ; data for oxotitanium complexes from study [3] are given for comparison. It is interesting to note that the lowest excited states in all molecules are very similar to ones in the corresponding oxotitanium complexes (see ref. [3] ). All of them are 1 E states and the corresponding wavelengths differ by no more than 10 nm from those in the TiO complexes. Oxozirconium phthalocyanine is especially demonstrative: the calculated wavelength of its Q band is only 1 nm larger than in oxotitanium phthalocyanine [3] (618 vs. 617 nm). Hence, it may be suggested that the nature of the central ion has very little influence on the first excited electronic states of these molecules in their isolated states.
The Soret band in ZrO porphyrin and octamethylporphyrin complexes is bathochromically shifted by ca. 20 nm in comparison to oxotitanium species (from 364 to 385 nm in porphyrin and from 377 to 395 nm in octamethylporphyrin). The visible part of the phthalocyanine spectrum remains Table 3 . Excited states of oxozirconium porphyrazine and phthalocyanine (with excitation energies less than 4 eV for the singlet states). Data for similar oxotitanium complexes [3] are given for comparison.
Oxozirconium porphyrazine Oxotitanium porphyrazine Oxozirconium Complexes of Tetrapyrrolic Macrocycles almost unchanged. On the other hand, in the visible spectrum of oxozirconium porphyrazine an absorption band at 436 nm is present, that has no analogue in the oxotitanium complex. The corresponding 1 E excited state in ZrOPz has a significant contribution of the HOMO-1→LUMO+1 excitation (with the weight of 0.73). In turn, the HOMO-1 orbital is composed partially of d-type AOs of zirconium. Therefore, the oxozirconium porphyrazine represent the case of a very significant influence of the central ion on the visible electronic spectrum.
